Abstract-We report on the photonic variant of the previously introduced guided-path tomography (GPT), by demonstrating a system for footstep imaging using plastic optical fiber (POF) sensors. The 1 m × 2 m sensor head is manufactured by attaching 80 POF sensors on a standard commercial carpet underlay. The sensing principle relies on the sensitivity of POF to bending, quantified by measuring light transmission. The photonic GPT system, comprising the sensor head with processing hardware and software, covered by a mass-production general-purpose carpet top, successfully performs footstep imaging and correctly displays the position and footfall of a person walking on the carpet in real time. We also present the implementation of fast footprint center of mass calculations, suitable for recording gait and footfall. A split-screen movie, showing the frame-by-frame camera-captured action next to the reproduced footprints, can be downloaded at http://ieeexplore.ieee.org Index Terms-Footstep imaging, gait, "intelligent carpet," parallel center of mass algorithm (PCoMA), photonic guidedpath tomography (PGPT), plastic optical fiber (POF).
I. INTRODUCTION

I
N THIS work, 'intelligent carpet' is defined as an ordinary carpet supported by a sensor system capable of capturing, processing and presenting information on human footsteps. Generally, this task can be achieved by systems of varying complexity, portability and cost, depending on the context in which they are deployed. A number of methods for footstep sensing have been proposed and developed since the 1980s, involving piezoelectric [1] , [2] , resistive [3] , force [4] , [5] , capacitive [6] , seismic [7] and acoustic sensing principles [8] . The utilized sensing technology has included load cells [9] , [10] , switches [11] , electromechanical films [12] , optical fibers [13] , flatbed scanners [14] , resistive loads [15] and accelerometers [16] , as well as combinations thereof [17] . The terminology used has varied depending on the application, e.g. "magic" carpet [2] , floor sensor [3] , active floor [4] , pressure sensing floor [5] , smart carpet [6] and smart floor [9] .
This work uses a tomographic method, based on Guided-Path Tomography (GPT) [18] , to image the deformation induced by the footfall. GPT is suitable for covering substantial areas involving measurements at their periphery only, reducing the number of measurements and sensor connections per unit area. Thus simple, portable and affordable GPT systems have the potential to span across the healthcare, sports, entertainment, security and other sectors, where the floor contact of one or more individuals can be recorded and analyzed in a non-intrusive way.
In this introduction, we present gait analysis as one of the system's possible targets. Gait recognition based on GPT could lead to applications exploiting information of biometric character, such as asymmetry (limping), variability (unsteadiness), compensatory strategies and adaptive gait. Gait, as a walking pattern, comprises the speed of walking, the distance between footsteps (in longitudinal and lateral direction) and the pattern of the footfall. To date, data for gait recognition have been collected typically by three different methods based on video sensing, floor sensors or wearable sensors. In addition to cost, these options also vary in their intrusiveness resulting in privacy concerns, as well as dependence on the subject's cooperation. Being a floor sensor, the reported GPT system does not interfere with the subject's daily environment allowing unperturbed behavior, as contrasted with attaching wearable devices to their body, or possible ethical concerns from being constantly monitored by video cameras [19] . Furthermore, the GPT system works on deformation caused by gravity acting on the person's body mass, which cannot be eliminated or compromised, and therefore ensures the necessary degree of cooperation by the subjects involved. As opposed to other floor sensors, the GPT "intelligent carpet" images deformation, which integrates a number of additional indicators of gait and balance related to medical conditions, such as the position of the body mass center, joint mobility, symmetry and plantar pressure.
Our reported demonstrator is an "intelligent carpet" based on photonic GPT (PGPT) with 80 POF sensors. It covers an area of 1 m × 2 m with a spatial resolution of 0.06 m and is capable of displaying the image of footsteps in real time, as well as storing the measurement data for further processing and analysis. The two main parameters of the system, the spatial and temporal resolution, are not independent and are individually determined by the number and positioning of the POF sensor elements, the mechanical properties of the substrate material, as well as the performance of the acquisition and processing electronics combined with the speed of the data processing algorithms.
The rest of the paper is organized as follows: Section II reviews other systems based on floor sensors. Section III examines the details concerning the POF sensor elements. Section IV elucidates PGPT, the imaging principle employed by the system. Section V presents the details of the imaging mat demonstrator and Section VI shows the obtained results. Section VII offers a brief discussion and concludes the paper. This paper is expanded from conference papers presented at IEEE Sensors 2010 [20] and at IEEE Africon 2011 [21] .
II. BACKGROUND
It has been reported that in a normal state, the walk period of an average human is typically 1.2 s, which is double to duration of a single step full cycle [22] . Within this step period of 0.6 s, the touchdown time of the foot is around 0.2 s. Considering the duration of the gait events, the time resolution or image frame rate of the system required for simple gait recognition has to be at least 10 Hz (100 ms imaging period).
In terms of spatial resolution, the distance between the metatarsus and calcaneus bones varies depending on each individual. The average arch length of the adult foot, measured from the back of the heel to the metatarsal bone, has been reported to be 0.189 m [23] (from a sample of 100, including both male and female individuals). Based on this result, the expected separation between the calcaneus and metatarsal bones is approximately 0.15 m. Therefore, any system used for identifying the position of these points of pressure must be able to resolve at least this distance.
In one of the early implementations, a piezoelectric cable was used to build a floor sensor system of size 3.0 m × 1.8 m [2] . The system, called 'the magic carpet', had an approximate scan rate of 60 Hz with spatial resolution of approximately 0.1 m. This has been successfully implemented to monitor dynamic foot position and pressure for an interactive musical application; however its utility for gait analysis is unknown.
A 2.4 m × 2.0 m system, based on capacitive sensors, was demonstrated by embedding electronics in textiles and interleaving them inside a carpet [6] . It was capable of tracking the path of a walker with an estimated 98% accuracy; however its suitability for gait analysis is unclear.
Footstep recognition in a "smart home" was addressed in [24] . Here two piezoelectric transducers were inserted into the underside of a rubber floor tile and used to collect data of 3,550 footsteps from 55 subjects. Although the system was implemented for footstep recognition, it can only capture footstep signals at a strictly defined permanent location. Subsequent work by the same authors employed two sensor mats of 0.45 m × 0.35 m, each containing 88 piezoelectric sensors [25] , capable of capturing two consecutive footstep signals. It should be noted that the work addressed in that research aims at generating a footstep database for biometric identification and hence, it requires special laboratory facilities using video cameras and microphones.
A distributed sensing floor, based on fiber optics, employed 40 m of meandering fiber to cover an area of 1.6 m × 4.0 m [13] . Brillouin Optical Time-Domain Analysis (BOCDA) was applied to locate the strain deviation along the fiber in 3.6 s. A special processing algorithm was implemented allowing a tracking speed of 1.7 m/s. The system was intended for personnel presence detection only and the tracking was with spatial resolution of 0.18 m. In addition, the use of BOCDA requires a signal generator, laser and frequency modulator which increase the complexity of the system and substantially raises its cost, limiting its applications outside the laboratory environment.
An electronic walkway has been made commercially available under the brand name GAITRite System [26] . It consists of sensor pads, each containing 2304 sensors arranged in a 48 × 48 grid, typically covering a total active area of 1 m × 6 m. It is capable of measuring spatial and temporal gait parameters and is portable. The GAITRite has been used by physiotherapists as part of clinical assessment, but its cost is substantial. This limits its usage to a laboratory tool rather than an affordable system potentially deployable in new homes or retro-fitted in existing dwellings.
Within the variety of sensing methods employed, most of the implementations are based on the same principle, which is utilizing the force exerted on the sensing device as a result of the mass of the subject and its impact on the device. The latter is related to the Ground Reaction Force (GRF), defined as the reaction of the device in response to the weight and inertia of an object [9] . The resultant GRF per unit contact area yields the pressure exerted. The coordinates of the point, where the resultant of all ground reaction forces acts, are defined as the "Centre of Pressure" (CoP) coordinates. The CoP changes in time depending on balance and gait.
The sensing principle used in this work is also a type of a GRF sensing and in that sense offers advantages over binary sensor arrays [2] , [6] , [26] . It employs Plastic Optical Fibers (POFs) sensitive to how their underlying substrate deforms as a result of the pressure exerted on the carpet surface. The deformation magnitude depends on the weight of the subject under test (SUT) and the mechanical properties of the underlay that separates the POF sensor from un-deformable ground. The POF sensor utilizes light intensity transmission measurements and compared to other sensing methods offers the advantages of ruggedness, intrinsic safety and resistance to body fluids such as blood and urine. Typically, POF is available at the cost of less than 1 USD/m and can be combined with inexpensive, light and miniature optoelectronic light sources and detectors for the manufacture of energyefficient sensor elements. Furthermore, it is straightforward to integrate the POF sensor elements with a standard commercial underlay commonly used for carpeting, allowing the sensor head to remain inconspicuous under the normal carpet surface in the daily living space.
In view of the studies presented thus far, it is possible to conclude that although the studied systems meet the spatial and temporal resolution requirements for monitoring of gait and walking habits, they are suitable mainly for laboratory use and/or interfere with personal privacy. They also come at a considerable cost, which limits their potential deployment on large floor areas. The cost of materials for manufacturing the "intelligent carpet" sensor head is below 150 USD/sq.m. A comparison of the spatial and temporal resolution achieved by each system is given in Table I , where the last row (in bold) represents this work.
III. PLASTIC OPTICAL FIBER SENSORS FOR PGPT
Sensing elements based on deformation or bending exerted on optical fibers have been used in measuring systems for monitoring pressure, strain, vibration, displacement, velocity, acceleration [27] . In such applications POFs are a more natural choice, because of their higher sensitivity to bending compared to glass fibers. However, the POF sensitivity to bending is still weak in absolute values. To account for this limitation, several authors have demonstrated methods to enhance their sensitivity by embedding an imperfection in the fiber, which modulates its wave-guiding properties as a function of the bending radius [28] - [33] . In [28] , a fiber optic strain gauge was developed by inserting radial grooves into a multimode plastic optical fiber to increase curvature measurement sensitivity. In [29] , a segment of the POF cross-sectional profile was removed over a predetermined length to improve the strain sensitivity by abrading the POF surface with a razor blade. In [30] , a sensitive zone was produced by physical treatment (milling, grinding) with a light emission (loss) surface along one side of the fiber only.
By far the simplest and least expensive way to enhance the POF sensitivity to bending is to manufacture grooves of suitable depth and period along the POF length. It has been shown by ray-tracing, simulations and measurements [34] , [35] that, in general, grooved POF sensitivity arises from the 'opening' or 'closing' of the groove resulting from positive or negative bending respectively [34] - [37] . Most of the calculations and experimental evaluations have been concerned with a set of comparatively shallow groove structures.
Compared to existing literature, we have measured the power loss in a single groove of larger depths, from 0.1 mm to 0.5 mm, the latter being comparable with the POF radius. Power loss contribution from a varying number of multiple grooves, cut to different depths. The inset shows that both positive and negative bending take place. Signs refer to grooves facing away from the object (in bracketsfacing the object) for a certain degree of deformation, resulting in decrease in sensitivity. The depth of bending d is defined in [20] . The lines are a guide to the eye only.
This was motivated by the particular application requiring sensitivity to human footprints on commercially available combinations of carpet and underlay. Fig. 1 summarizes the characteristic response of some of our POF sensors to bending by a cylinder of radius 3.75 cm, driven to deform a soft foam substrate onto which the grooved POF is firmly attached. The POF (PGR-FB1000, Toray Industries, Inc.) of diameter 1 mm was step-index, with a 0.98 mm core of high-purity poly-methyl-methacrylate and cladding of special fluorinated polymer. Positive or negative bending was achieved by the groove facing away or towards the deforming cylinder, respectively. Further experimental details are given in [20] .
The results in Fig. 1 show that relative gain (negative loss) in the transmitted power is observed consistently when the grooves are facing the deforming cylinder (negative bending). The contribution by the groove is reasonably linear for groove depths up to half the radius of the deforming cylinder. The relative gain experiences a maximum depending on the groove depth. At large bending depths the behavior is similar to that of an un-grooved POF and careful calibration is necessary for operation in that range. Fig. 2 shows measurement results obtained under similar conditions on a group of equidistant grooves (in some experiments up to 30, while keeping the grooves' separation the same for any number of grooves), thus the overall sensitized length being directly proportional to the number of grooves. In this case, since the POF is attached to the deforming substrate, it is possible to distinguish three adjacent sections of the POF, as shown in the inset of Fig. 2 : the bending changes sign upon transition to the neighboring section. This impacts on the dependence of the losses from the depth of bending. Indeed, while the sensitivity increases with the depth up to about 2 cm, similar to the single groove case, further deformation results in decrease in sensitivity, since the transmitted signal now as well integrates the contribution from sections with the opposite bending sign. This is also corroborated by the decrease in sensitivity being manifested stronger at a larger number of grooves, apparently due to the larger overall sensitized length, to include all three adjacent sections as per the inset of Fig. 2 .
For the design of a POF sensor with embedded imperfections, it is essential to clarify to what extent the mechanical integrity is compromised by these imperfections, since the POF should accommodate repeated exposure to bending. This is even more imperative in the case of grooving, since the manufacture of grooves can cause micro-cracks or other defects in the POF material. To address this problem, we performed repetitive bending tests on single-and multiplegroove POFs, in order to observe the conditions for breakage. In all experiments, one end of the grooved POF was fixed, while the other was displaced along a straight line by end of a metal arm oscillating with up to 1000 cycles/minute. Table II presents results in the critical zone, where POF breakages have been observed, except for the last row where the mechanical integrity has not been breached even after 2.5 × 10 5 events of bending down to a radius of 3.5 cm. Table II is structured according to the type of bending experiment (bell-shaped geometry for smaller bending radii and loop geometry for larger bending radii) and groove depth. It is important to note here that we have compared groove depths of 0.1 mm and 0.5 mm, the former being the typical upper limit of groove depth used in literature and the latter reaching the extreme upper limit for the groove depth in POF of ∼1 mm in diameter. At small bending radii, the suggested impact of micro-cracks and other defects generated by the groove manufacture is corroborated by the observation that decreasing the groove depth from 50% to 10% of the POF diameter improves the breakage time by a factor of ∼23 times. It should be noted that in our intended application, events of severe bending will occur at a frequency much lower than the oscillation frequency above. This suggests that, depending on the POF material properties, the useful lifetime of the sensor will exceed substantially the above estimates. Indeed, the bending radii in the bell-shaped geometry and the groove depth in the loop-shaped geometry are outside the range of realistic conditions and design rules.
Generally, the results indicate that un-grooved POFs already have inherent sensitivity to bending typical for this application; however, grooving the POF enhances that sensitivity. In realistic experiments, with an average person standing on a single bare foot on a carpet with a POF, the power loss in un-grooved POF was 1.48 ± 0.01% while that for POF with 25 grooves separated by 1cm is 7.64 ± 0.17%. The measured signals will also depend on the mechanical properties of the substrate, as the bending of the POF replicates the deformation of the top surface and underlay. Therefore, the details in the choice of technology for an "intelligent carpet" system will depend on the particular details of construction and deployment.
IV. PHOTONIC GUIDED-PATH TOMOGRAPHY
At first sight, applying tomography for imaging of deformation is self-contradictory because usually tomography is associated with either strictly in-plane imaging (e.g. in early x-ray tomography systems) or with elaborate 3D imaging of subjects with substantial out-of-plane spatial distribution (e.g. electrical tomography) [38] . However, GPT allows imaging in non-planar surfaces determined by the guided paths.
GPT has been introduced and demonstrated for temperature imaging [18] , where the line-integrals, traditionally of (weak) x-ray attenuation across the subject
(μ(l) -attenuation coefficient along the beam; − photon flux, L -distance from source to detector), are replaced by path-integrals of resistivity along metal wires
(ρ(l) -resistivity along the wire; R -wire resistance), which can deviate from strict 2D planarity. In the photonic implementation of GPT (PGPT), instead of wires we use optical fiber transducers [39] ; therefore (1) and (2) have their equivalent in PGPT as
where a stands for the apparent attenuation coefficient (AAC) along the fiber, D is the deformation field and the transmittance through the fiber is given by ϕ/ϕ 0 , which is the quantity of interest in the case of POF bending in Section III. Thus we have an example of different physical phenomena described by similar expressions (1)-(3). The relevance of applying the established theory and practice of inverting the Radon transform [38] , [40] for PGPT has been addressed earlier [41] , [42] , demonstrating the validity of the assumptions for an exponential Beer-Lambert attenuation, as well as the impact of the losses incurred being independent from their position along the POF element. Furthermore, the measurements quoted the last paragraph in Section III show that the integrated loss along the POF can be kept low to justify taking a linear expression in (3) instead of exponential. An essential factor for the choice of PGPT, as the base for developing an "intelligent carpet" sensor head and system, is that the POF elements introduce characteristics typical of a distributed sensor and is particularly efficient for large areas. Indeed, PGPT allows a saving of N×(N-2) measurements and N×(2N-4) contact wires over an N×N array of singlepoint sensors with two contact wires [18] . Additionally, the deployment of single-point sensors is inefficient even for moderately large areas, since for reasons of access, cost, etc. the achievable spatial sampling rate is typically much lower than the spatial precision of the measurement.
The cases of un-grooved and grooved POF sensors present obvious embodiments of continuous and discrete transducers, as introduced in GPT [18] . Fig. 3 shows an impression of the "intelligent carpet" incorporating such transducers, in the discrete case connected in series, to allow path integral measurements. The grooved POF case implies that contributions from both un-grooved and grooved sections may be substantial because the later are connected by un-grooved POF, which is also required for connecting to the light source and detector. Thus, for any POF transducer, (3) can be expressed in terms of power loss as
here the integration is over all of the un-grooved sections of the POF (which may not be adjacent) and the summation is over all of the grooved sections containing one or more grooves; a is the AAC and a G stands for the average AAC for a grooved section of length l G . Since some bending on the POF transducer is inevitable, even without a deforming load, an initial power loss calibration measurement φ C is required from all POF transducers in the absence of the SUT; then the forward Radon transform is defined as the set of measurements given by the bracketed term in (4) for each POF, representing the signal differences between the calibration and the actual measurements. This approach also allows, at the imaging stage, to exclude all static objects on the carpet (such as furniture) reconstructing only the dynamic footprint images by data inversion, in addition it accounts for any residual deformation present in the mat. Some pilot PGPT results with light (2 to 5 kg) household objects on a 0.8 m × 0.8 m PGPT imaging mat have been presented earlier [21] ; however that pilot was not suitable for real-time footprint imaging. Based on the combination of the background given in Section III with the PGPT concept presented throughout this Section, we integrated a complete "intelligent carpet" system capable of mapping in real time the deformation induced by an average-weight person walking on it. The following section presents a larger demonstrator in the form of an intelligent carpet with a sensor head consisting of a combination of a commercially available carpet top and a PGPT-enabled commercial carpet underlay.
V. "INTELLIGENT CARPET" DEMONSTRATOR
The PGPT system developed is an integration of three parts: sensor head, driving and detecting electronics and processing/imaging unit (see Fig. 4 ), which are explained below.
A. Sensor Head
As already outlined in the end of Section IV, the sensor head incorporates an active PGPT layer made of a number of POFs that are strategically placed and firmly attached (using waterbased synthetic latex flooring adhesive) onto a rectangular carpet underlay to allow the required spatial resolution. The underlay and PGPT layer are then covered by a standard pile carpet (see Fig. 5 ) that matches the dimensions of the underlay, resulting in an intelligent carpet system of imaging area of 1.0 m × 2.0 m. Pencil-beam type path integrals are utilized as sampling geometry in the PGPT layer and several adjacent modules of underlay with a POF layer can be covered by a continuous top carpet layer to form a larger imaging area of different shapes. The main challenge in the design of the sensor head is to match the number and position of the POF transducers to the required spatial resolution and imaging frame rate, as well as cost. In the setup presented, 80 POF sensors were distributed (unevenly) across three projections at 0 (14 beams), 60 and 120 degrees (with 33 beams each), with a constant separation of 0.06 m, as shown in Fig. 6 .
B. Driving and Detecting Electronics
Light emitting diodes (LEDs) are coupled at one end of the POF to launch light. At the other end, each POF is coupled to a separate photodiode to measure light intensity, enabling parallel acquisition of independent transducer measurements. This is in contrast to our previously reported pilot implementations where light was launched by individual LEDs and all POFs were bundled and butt-coupled to a single large-area photodiode [20] . Since the principle for sampling the forward Radon transform is to have the path integral measurements taken independently, using a single source and individual detectors is an alternative. However, for the typical number of POF transducers used in the demonstrator, the preferred choice is to use individual sources and detectors, multiplexed to a single output for serial acquisition. This is dictated by the optimum balance between complexity, performance and cost, still allowing the data rates required for real-time imaging of footsteps. All launch and receive devices (80 pairs) and their connections are fitted within a frame (flush with the carpet) at the periphery of the sensor head, together with the electronics control unit, based on a Programmable Logic Device (PLD).
The acquired signals are interfaced to an external laptop via a LabVIEW environment using a NI-9205 analog input module connected through a NI-cDAQ-9172 chassis. Although the upper limit for driving the 80 LEDs sequence and acquisition exceeds 60 Hz, in the results presented further this is capped to match the speed of real-time imaging. This allows to implement considerable bandwidth narrowing for improved signal-to-noise, achieved by the averaging of 250 measurement samples. Under these circumstances, the data scan of the complete frame takes 328 ms, corresponding to ∼3 frames/s (fps). This cap on the speed is not firm and depends on the external computer hardware used for image reconstruction. Most certainly, such a limit can be removed with hardware acceleration.
C. Imaging
The data acquired from the sensor head constitute a severely under-sampled Radon transform, because the system design envelope allows only an extremely small number of angular projections containing a fairly low number of individual path integrals. Under these conditions, the starting point for real-time imaging of the deformation from footsteps is implemented by using the iterative Landweber method (ILM) [42] - [44] with median filtering of the data at each iteration. This method has been shown to achieve satisfactory reconstructions from as little as 28 line integrals in near-IR absorption tomography of fuel in internal combustion engines [45] . The image reconstruction algorithm was developed in MATLAB for testing and then transported to LabVIEW for reconstruction from real-time data.
We have shown previously the potential of applying sinusoidal Hough transform, followed by peak thresholding on severely under-sampled sinograms (i.e. image representations of the Radon transform) [46] . In addition to sinogram recovery for further applying the inverse Radon transform, this approach allows fast and computationally efficient "center-of-mass" reconstruction [47] suitable for applications where the dynamics of the SUT is of greater interest than its internal distribution and the details of its contours. In hardware implementations, the utilization of the Parallel Center-of-Mass Algorithm (PCoMA) [21] , [48] 1 allows a drastic reduction of the time for data inversion, down to microseconds, independent of the number of SUTs in the imaging frame.
It is important to note here that the CoM methods, including PCoMA, deliver the CoM coordinates without reconstructing the whole image. In PCoMA, the centers of attenuation "mass" in each angular projection are used to reconstruct the geometric center of a two-dimensional cross-section of the SUT. In the context of gait analysis with an "intelligent carpet" based on PGPT, the output of such algorithms should be interpreted as "Center of Deformation".
The following section presents results obtained by ILM with median filtering, as well as by the PCoMA. These algorithms were either run in real time on acquired and processed data, or applied on previously acquired datasets, as indicated below.
D. System Performance Example
The system performance was tested by routine standing and walking on the sensor head. Fig. 7(a) and Fig. 7(b) show snapshots, taken with shoes, of two typical feet positions: (a) standing and (b) walking. The left panels show photographic images for reference, while the right panels show the ILM reconstructions. The full reconstruction grid was 80 pixels × 160 pixels; however, for display purposes the figures are cropped to 70 × 90 pixels to retain only sections with significant data. The reconstructions imply that stepping on the heels and the front of the sole can be distinguished in the footprint. This is explained by the specific shape of the sole, resulting in larger deformation of the underlay just beneath these locations. A real-time reconstructed frame sequence can be watched by downloading the multimedia file accessible from IEEEXplore . A balanced posture with bare feet shown in Fig. 7(c) allows clearer distinction of the deformation under the metatarsal and calcaneus bones, as expected since the sensor was designed to allow spatial resolution of 0.06 m (taken as the distance between adjacent path integrals).
The PCoMA and ILM performance were studied off-line, on special datasets obtained from the sensor head with a view to attempting a numerical comparison between the actual and calculated spatial positions. The results obtained with bare feet are displayed in Fig. 8 , on a 200 pixel × 100 pixel grid, common for the actual position, PCoMA and ILM reconstruction displays (left, center and right panels, respectively, with x = 0 cm and pixel number 50 shown as a dash-dotted line). The pixel grid accurately corresponds to the real dimensions of the carpet in cm.
The first two rows in Fig. 8 show two different cases of standing on both legs: (a) weight on the metatarsal bones (ball of the foot) and (b) on the calcaneus bones (heel), respectively. 
VI. DISCUSSION AND CONCLUSION
In case (a), Fig. 8 , it is possible to observe the effect of the comparatively larger contact area when the metatarsus and possibly the toes (hallux) are involved -the deformation is weaker and the region imaged by ILM is more compact than in (b) and (c). The relative positions of the two feet are reproduced correctly: in (a) there is a common shift of ∼15 cm towards the front of both feet. This is in clear distinction from case (b) resulting from standing on the heels. Here the exerted pressure is larger, due to the shape of the calcaneus bone, and the deformation region is spread further. Compared to the actual feet coordinates, the calculated CoM coordinates show for both feet a clear displacement of as much as 7 cm towards the back of the feet and about 3 cm outwards. In case (c), in order to keep the balance, stress is naturally distributed on both, metatarsal and calcaneus bones. Furthermore, the pressure is doubled, resulting in stronger deformation affecting areas spread further, as observed by ILM. The center of deformation is shifted with about 8 cm towards the front of the foot, which corroborates that the pressure is more evenly distributed between the heel and the ball of the foot, compared to the other cases. There is generally good consistency in the PCoMA calculations and the ILM reconstructions.
In summary, we report on a complete "intelligent carpet" system based on POF sensors, which is capable of real-time imaging of human footprint by means of PGPT. The imaging contrast is defined as the deformation of the underlay resulting from stepping on the carpet pile. The "intelligent carpet" can be built into new living environments or retro-fitted without major disruptions. It does not introduce new objects in the household and does not require any special attention or action outside the routine. The intrusion in privacy can be reduced to negligible, as the system can be set to communicate externally only the agreed and necessary level of detail.
In healthcare alone, further progress will be inspired by the indicated capability to distinguish between the calcaneus and metatarsus bones, as suggested by Fig. 8 . Given that the existing hardware can drive the electronics (LEDs sequences and acquisition) at frame data rates of up to 60 Hz and the fast PCoMA algorithm, we already exceed the 10 FPS threshold required for analysis of walking patterns. For real-time imaging the speed was capped at 3 FPS because of the particular external inexpensive hardware, which can be upgraded or replaced with hardware acceleration.
The intelligent carpet technology can be integrated with other POF sensing techniques to provide a more holistic picture of patterns of activity and rest. Changes in activity levels, gait or balance are indicators of health deterioration often leading to adverse events such as a fall or hospitalization, affecting a high proportion of the population. Remote data collection and wireless connectivity to the community and relevant care services can be achieved seamlessly by customizing the intelligent front-end of the system. It is conceivable that the "intelligent carpet" can be deployed on its own or as a baseline sensing platform for fusion with other sensors to analyze change in behavior and gait. This could provide health care professionals with forewarning of deterioration, enabling early intervention with concomitant cost savings, to both healthcare and the individual, by reducing adverse events.
The application spectrum of the demonstrated technology is vast and it is not our goal to address it here. Obvious domains, outside the healthcare sector, such as sports, security and the manufacturing industry can be served, possibly with modifications of the POF bending sensitivity. 
